Predicting recreational water quality is key to protecting public health from exposure to wastewaterassociated pathogens. It is not feasible to monitor recreational waters for all pathogens; therefore, monitoring programs use fecal indicator bacteria (FIB), such as enterococci, to identify wastewater pollution. Artificial neural networks (ANNs) were used to predict when culturable enterococci concentrations exceeded the U.S. Environmental Protection Agency (U.S. EPA) Recreational Water Quality Criteria (RWQC) at Escambron Beach, San Juan, Puerto Rico. Ten years of culturable enterococci data were analyzed together with satellite-derived sea surface temperature (SST), direct normal irradiance (DNI), turbidity, and dew point, along with local observations of precipitation and mean sea level (MSL). The factors identified as the most relevant for enterococci exceedance predictions based on the U.S. EPA RWQC were DNI, turbidity, cumulative 48 h precipitation, MSL, and SST; they predicted culturable enterococci exceedances with an accuracy of 75% and power greater than 60% based on the Receiving Operating Characteristic curve and F-Measure metrics. Results show the applicability of satellite-derived data and ANNs to predict recreational water quality at Escambron Beach. Future work should incorporate local sanitary survey data to predict risky recreational water conditions and protect human health.
Coastal Health Act (U.S. EPA ; Cordero et al. ) and other water quality standards of Puerto Rico (PREQB ).
Escambron Beach is located in San Juan, Puerto Rico and is one of the most visited beaches in the region. Escambron Beach is within the Rio Piedras watershed (Diaz ; Lugo et al. ) and has a stormwater drainage outfall (18.46 N, 66.09 W) , which discharges rainwater, agricultural runoff, and other greywaters (Diaz ) . This FIB point source and the Bayamon Regional and Puerto Predicting when FIB exceed water quality criteria has been a management goal, and researchers have approached this using a variety of mathematical methods (e.g. linear and nonlinear statistical modeling). Some studies have applied linear models to understand FIB relationships with environmental factors; however, these complex interactions may not be adequately characterized by linear models, which typically describe less than 50% of the variability (Gonzalez & Noble ; Laureano-Rosario et al. ) . Furthermore, previous modeling efforts lacked infrastructure and human activities data (i.e. land use); consequently, they did not in Iran. Furthermore, the ANNs models used in our study were previously compared to decision trees, where it was found that the ANNs approach allowed the specification of the relative importance of false positives and false negatives, whereas the decision tree methodology only provided a fixed operating point (Duncan et al. a, b) . Therefore, our study helps fill research gaps in the Caribbean for recreational water quality predictions using ANNs in the context of environmental variability.
Since ANNs are self-driven data-adaptive methods, they can identify nonlinear, functional relationships between FIB and environmental factors. Forecasting recreational water quality can greatly improve the management of recreational waters as managers can overcome the time-lag associated with routine beach water quality monitoring (Enns et al.
; Thoe et al. ).
Even though ANNs have been widely applied to predict bathing water quality throughout the world, our study expands on this by using long-term satellite-derived data together with in situ bacterial sampling in Puerto Rico. Satellite-derived data has been used to study both land and the ocean for management purposes (McCarthy et al. ).
These have provided data since the 1980s, allowing longterm studies regarding environmental variability. When it comes to beach water quality, these datasets have not been fully applied to predict bathing water quality, where satellites can provide long-term environmental data that can be combined with monitoring programs that have been in place for more than 10-15 years. There have been a few studies looking at specific satellite-derived data (e.g. sea surface temperature, turbidity) in temperate and tropical areas (Kim et 
MATERIALS AND METHODS

Escambron Beach, San Juan, Puerto Rico
This study took place at Escambron Beach (Figure 1 
Culturable enterococci data
Culturable enterococci data for Escambron Beach were downloaded from the U.S. National Water Quality Monitoring Council from 2005 to 2012 (NWQC ). Data were for two sites separated by a distance of ∼100 m; these were pooled due to their proximity and satellite data resolution.
This dataset was extended from 2012 to 2014 with data provided by PREQB; thus, a total of 10 years of data were used (n ¼ 273 observations for both sites combined). The culturable enterococci data were generated by the PREQB using U.S. EPA method 1,600 and had a detection limit of 4 CFU/100 mL. All enterococci concentrations described as below the limit of detection were substituted by the next highest concentration (e.g. 3 CFU/100 mL; Laureano-Rosario et al. ). Bacterial sampling was biweekly (i.e. every other week) and the combined geometric means from both sampling sites, commonly used due to bacterial variability, were then calculated. These geometric means were used in all further analyses.
Satellite-derived and in situ environmental data
Daily precipitation data (in situ) were obtained from the U.S. During the testing stage, a series of weighting factors (a) were tested, where the best and the one used for culturable enterococci exceedance predictions at Escambron Beach was a ¼ 3, weighing health risks three times more important.
Accuracy was determined by the accuracy band, which was calculated using the percentages of true positive rates (TPR) and true negative rates (TNR) compared to FPR and FNR.
We used the F-measure (FM; Equation (1) were divided into ten epochs to ensure that the data used for training and validation were different than the data used for testing predictions as follows: epochs 1-3, 5, and 7 for training (n ¼ 152); epochs 4, 6 and 8 for validation (n ¼ 66); and epochs 9 and 10 for testing (n ¼ 55).
Threshold selection for culturable enterococci exceedance predictions
To predict when enterococci exceeded the PREQB RWQC for safe recreation, the threshold selected for this study was the geometric mean concentration of 70 CFU/100 mL (PREQB ). This concentration is the BAV recommended by the U.S. EPA to ensure no more than 36 illnesses per 1,000 recreators and was adopted by the PREQB in 2015 (U.S. EPA ;
PREQB ). The model compared the observed and predicted enterococci concentrations to this BAV threshold and identified them as 'safe for swimming' (i.e. below threshold) and 'potentially unsafe for swimming' (i.e. above BAV threshold). Results showed the influence, and magnitude, of inputs to predict enterococci exceedances based on the specific thresholds mentioned above. These are shown as inputs having an inhibitory or excitatory influence on outputs crossing the set thresholds. Based on the 70 CFU/100 mL, we had a total of 238 passes, and 35 fails in the original data. These results also showed the applicability of combining satellite-derived data with nonlinear modeling. Sampling of monitoring programs usually is biweekly, which can greatly affect predictive power due to lower data resolution. Satellite remote sensing data can provide data once or twice a day depending on the sensor. For example, AVHRR Thus, predictive models can likely be improved by the inclusion of these data. Furthermore, there is also the need 
RESULTS
CONCLUSIONS
This work shows that nonlinear models help to predict water quality with relatively good accuracy (76%). Data availability is an important aspect, especially the information regarding coastal water quality and both anthropogenic and environmental factors, due to their influence on FIB variability and phenology. Thus, a collection of data and water quality monitoring programs are important to better understand FIB variability. Through modeling culturable enterococci concentration exceedances, this study found the following:
• The most relevant parameters to predict culturable enterococci surface water concentrations at Escambron Beach from 2005 to 2014 were DNI, turbidity, cumulative 48 h precipitation, MSL, and SST.
• ANNs were able to predict enterococci concentration exceedances at Escambron Beach with an accuracy of 76% and a power greater than 60%, which is higher than most statistical linear models.
• Among the environmental variables evaluated, DNI, turbidity, and 48 h cumulative precipitation showed the highest influence on predicting culturable enterococci concentrations at Escambron Beach, which represent their holistic influence on enterococci concentrations.
• Only DNI and MSL showed a positive influence, whereas turbidity, 48 h cumulative precipitation, and SST showed an inhibitory (negative) influence on predicting culturable enterococci concentrations at Escambron Beach.
• Model predictive power may be improved by including sanitary survey data (e.g. septic system density), as well as other data describing enterococci sources, such as algal and seagrass coverage, and stormwater and river discharges.
